The nucleation of cavities in a homogenous polymer under tensile strain is investigated in a coarse-grained molecular dynamics simulation. In order to establish a causal relation between local microstructure and the onset of cavitation, a detailed analysis of some local properties is presented. In contrast to common assumptions, the nucleation of a cavity is neither correlated to a local loss of density nor, to the stress at the atomic scale and nor to the chain ends density in the undeformed state. Instead, a cavity in glassy polymers nucleates in regions that display a low bulk elastic modulus. This criterion allows one to predict the cavity position before the cavitation occurs. Even if the localization of a cavity is not directly predictable from the initial configuration, the elastically weak zones identified in the initial state emerge as favorite spots for cavity formation.
ular dynamics simulations of polymer glasses also found a transition from 23 shear yielding, which obeys a pressure-modified von Mises yield criterion [9] , 24 to cavitation as the hydrostatic pressure becomes negative, but have not 25 yet investigated the connection between cavitation and local microstructural 26 configuration. More recent simulations explored correlations between the lo-27 cation of failure, higher mobility regions and a higher chain ends density [10] 28 acting then as local defects, or a local, stress-induced disentanglement of 29 chains [11] . In the latter work a primitive path algorithm was used to mon- 30 itor the entanglement network in a sample undergoing triaxial deformation, 31 and it was found that regions undergoing crazing were also depleted in terms 32 of entanglements.
33
The local mechanical properties are a determining factor to understand 34 the response of systems under strain. Yoshimoto et al. [12, 13] have cal-35 culated the local elastic modulus in a coarse grained polymer glass using 36 a thermodynamic approach based on stress fluctuation . They found that 37 polymers are mechanically heterogenous at local scale. Papakostantopoulos 38 et al. [14] have studied the earliest local plastic events observed in the elastic 39 regime of polymer glass. They found that these irreversible events take place 40 in domains that exhibit a low positive elastic modulus. Analogous results
41
were obtained by Tsamados et al. on Lennard-Jones glasses submitted to a 42 quasistatic shear strain [15] . They found a correlation between high nonaffine 43 displacements and local low elastic modulus.
44
It is unclear, however, if these criteria can be used in a predictive manner, 45 in the sense that the cavitation event could be predicted from the configura-46 tion of an unstrained system. In this paper, we will therefore investigate the correlation between the 48 microstructure of a homopolymer at the segmental level and the nucleation 49 of cavities, in an attempt to find a microstructural predictor of such events.
single beads are removed and the system is relaxed for 10 7 MD steps in NPT 84 ensemble at T = 1 and P = 0 to reach an equilibrium state. The equilibra-85 tion leads to a "mean square internal distance" very close to the function
86
given by Auhl et al. [18] . 
91
Triaxial tensile test conditions were employed [19] . The samples were 92 subjected to a sequence of deformation-relaxation steps, composed of (i) a
93
rescaling of the simulation box in the tensile direction (y in our case so that 94 the true strain hardening regime is not shown in Figure 1 (a), since it occurs at larger strains 114 when the entanglement network of chains and fibrils becomes stretched [9] .
115
The detection of cavity nucleation could be performed visually on snap- 
where r i (t) is the position of bead i at time t, r configurations where the NAD is evaluated (typically 30τ ).
135
In Figure 1 hydrostatic stress, local density and local moduli. 
Microstructural causes and precursors of cavitation

153
In this section, we will attempt to correlate NAD fluctuations with some 154 local properties measured at the scale of a single "atom" ( Voronoi volume 155 and stress per atom), and properties averaged on the scale of a few particle 156 diameters (chain end density and bulk modulus).
Voronoï volume fluctuations
158
The concept of free volume has been extensively used to explain many 
168
Voronoi volume and deformation level.. Figure 2 shows the effect of the de- after cavitation, the distribution relaxes to a narrower shape. Therefore, the 174 cavitation process can be seen as an event, which localizes or precipitates the 175 excess of free volume introduced by deformation.
176
Voronoi volume and beads functionality.. 
232
In order to investigate the correlation between NAD and the atomic hy-233 drostatic stress, a scatter plot of these quantities is displayed in Figure 6 . 
Coarse grained densities
254
The opening of a cavity under strain can be seen as a collective event, that 255 involves at least those atoms that will form the cavity "skin" at the end of The arrows describe the non affine displacement of the "cavity cluster beads". The dark spots identify the low density vicinities (b) and the high chain end density (c).
coarse graining procedure [28, 15, 29] ; here we choose the simplest one, which 
268
We have attempted to coarse grain and to correlate with the appearance of field is defined as:
where n i is the number of beads within a voxel i, and V consequence than as a cause of cavity nucleation.
298
As was mentioned above (in section 3.1), the free volume was found to be 299 correlated with the bead connectivity. Chain ends exhibit a higher Voronoi 300 volume compared to other monomers, and a lower density of beads could be 301 expected where a higher density of chain ends is present. We therefore define 302 a local density of chain ends ρ C.E. as
where n
is the number of chain ends within a voxel i, and V i is the volume transformation zones [15, 14] . Here the relevant events involve a local dilata-319 tion of the material which eventually gives rise to a cavity, and points to the 320 local bulk modulus as a possible predictor. gions. This behavior is independent of the precise method which is used to 327 define the coarse grained elastic constant, which may involve either the use 328 of statistical mechanical formulae at a local scale [13, 14] , or exploiting the 329 linear relationship between coarse grained stress and strain field [15] . Here
330
we present results for the local bulk modulus obtained from a third approach,
331
originally introduced by P. Sollich et. al. [31] , which has the advantage of be- this stress by the imposed increase in volumetric strain ϑ m :
In order to improve the accuracy on K m , it has then been averaged over V m leads to another form of equation (5):
or equivalently
where V m and S 
369
In order to investigate the spatial distribution of the local bulk modulus, 370 two-dimensional slices in a plane perpendicular to the tensile direction were 371 taken at the level at which the cavity is observed. Figure 9 shows a sequence to the lowest value for the entire sample.
383
In the light of this strong correlation between NAD and elastic modulus,
384
the cavitation process in glassy polymers can be described in the following resulting in a favorable location for the subsequent growth of a cavity.
391
We will now investigate whether this behavior should be described as 392 deterministic (the cavity systematically forms in a particular zone) or rather 393 statistical (the cavity forms randomly in one of the zones with a low modulus) 394 process. To this end, the same system was subjected to three tensile tests 
